The Australian snake Acanthophis antarcticus (the common death adder) is distributed throughout the Australian continent except some desert or wetter regions. It is known as one of the most dangerous snakes in Australia and in the world (Cogger, 1979) .
More than 60 post-synaptically acting neurotoxins from the venoms of elapid and hydropid snakes have already been sequenced. However, the amino acid sequence has been reported for only one Australian-elapid-snake neurotoxin, by Halpert et al. (1979) . The isolation of a short-chain neurotoxin from the same venom of Acanthophis antarcticus was reported by Sheumack et al. (1979) .
The present paper describes the isolation, properties and the complete amino acid sequence of a long-chain neurotoxin, Acanthophis antarcticus b (toxin Aa b).
Materials and methods Snake venom
The snakes, A. antarcticus, were collected at Armidale, New South Wales, Whyalla, South Australia, and Townsville, Queensland, Australia. The venom was 'milked', diluted with two volumes Abbreviation used: toxin Aa b, neurotoxin Acanthophis antarcticus b (note that toxins are indicated by Roman, not italic, Latin names). Vol. 193 of 0.15M-acetic acid and brought back to the laboratory.
Enzymes and chemicals
Trypsin (twice-crystallized and salt-free), achymotrypsin (three-times-crystallized) and pepsin (twice-crystallized) were other solvents and reagents were used without further purification.
Disc electrophoresis
The disc electrophoresis of the venom component was performed at pH4.0 (Reisfeld et al., 1962 ) with a constant current of 4 mA per gel for 2.5 h.
Sodium dodecyl sulphate/polyacrylamide-gel disc electrophoresis (Weber & Osborn, 1969) 
Amino acid analysis
Sample proteins or peptides (10-50nmol) were hydrolysed in sealed tubes in vacuo at 1 100C with 6M-HCI (0.5ml), usually for 24h. For the determination of tryptophan content, the toxin (50nmol) was hydrolysed in a sealed glass tube in vacuo at 110°C with 4M-methanesulphonic acid (0.3ml) containing 3-(2-aminoethyl)indole (0.2%, w/w; Pierce Chemical Co., Rockford, IL, U.S.A.) for 48 h. The hydrolysate was neutralized with 3.5M-NaOH (0.3 ml), mixed with 0.2 M-sodium citrate buffer (1.6ml), pH2.2, and applied to an automatic amino acid analyser (JLC-8AH; JEOL, Tokyo, Japan). The tryptophan content was determined spectrophotometrically, as described by Edelhoch (1967) .
Reduction and S-carboxymethylation oftoxin Aa b
Toxin Aa b (4.8,umol) was dissolved in 8M-urea (5 ml) containing 1.4 M-Tris/HCl buffer, pH 8.6, and 0.2% (w/w) EDTA, and incubated at 370C for 16h (Crestfield et al., 1963) . The toxin was reduced by the addition of ,J-mercaptoethanol (0.1 ml), while the solution was flushed with N2 at 370C for 4h. Carboxymethylation of the reduced toxin was performed in the dark at room temperature for 15min after the addition of monoiodoacetic acid (0.239g) in 1 M-NaOH (1 ml). Reduced and Scarboxymethylated toxin Aa b was recovered from the reaction mixture by gel filtration on a column (2.6 cm x 43 cm) of Sephadex G-25 (Fine grade) in 0.1 M-pyridine.
Enzymic digestions of reduced and S-carboxymethylated toxin Aa b and its fragments
The reduced and S-carboxymethylated toxin Aa b (3.0,umol) was digested with trypsin, which had been treated with diphenylcarbamoyl chloride (Erlanger et al., 1966) , in 0.05 M-Tris/HCl buffer (3 ml), pH8.2, at 370C for 16h. The enzyme/substrate ratio was 1: 100 (w/w).
The reduced and S-carboxymethylated toxin Aa b (2.4pmol) was dissolved in 0.05 M-NH4HCO3 (2 ml), pH 7.9, and digested with staphylococcal proteinase at an enzyme/substrate ratio of 1 : 100 (w/w) at 370C for 16h.
Some of the peptides from trypsin or staphylococcal-proteinase digest were further cleaved with a-chymotrypsin, pepsin or thermolysin. Digestion of peptides (0.3-0.5pumol) with a-chymotrypsin was performed in 0.1 M-ammonium acetate (1 ml), pH 7.8, at an enzyme/substrate ratio of 1: 100 (w/w) at 370C for 30min. Peptic digestion of the fragment peptides (0.5-0.6,mol) was done in 0.01 M-HCI (1 ml) at an enzyme/substrate ratio of 1: 100 (w/w) at 370C for 30min. Digestion with thermolysin ofthe fragment peptide (0.5,umol) was performed in 0.1 M-ammonium acetate (1 ml), pH 7.8, at an enzyme/substrate ratio of 1:50 (w/w) at 370C for 2.5h.
The reduced and S-carboxymethylated toxin Aa b or its fragment peptide (50nmol) was treated with carboxypeptidase Y in 0.1 M-phosphate buffer (0.2 ml), pH 6.5, at an enzyme/substrate ratio of 1:50 (w/w) at 370C, usually for 2, 4 and 6h. The digests were directly subjected to amino acid analyses.
Manual Edman degradation
The amino acid sequences of the peptides and of reduced and S-carboxymethylated toxin Aa b were determined by the direct phenylthiohydantoin method of Iwanaga et al. (1969) . The ethyl acetate-soluble phenylthiohydantoin derivatives were identified by t.l.c. (Iwanaga et al., 1969; for arginine, Inagami, 1973) and, sometimes, by regeneration of amino acids from phenylthiohydantoin as described by Mendez & Lai (1975) .
Result
Isolation ofneurotoxin Dried A. antarcticus venom (1.0g) was dissolved in 0.01 M-sodium/potassium phosphate buffer (30ml), pH6.4, and applied to a column (2.6 cm x 40cm) of CM52 cellulose (Brown Co., Berlin, NH, U.S.A.; capacity 0.70mequiv./g) equilibrated with the same buffer. The elution pattern monitored at 280nm is shown in Fig. 1 .
The yields of the main thirteen fractions (I-XIII) were 9. 2, 19.5, 4.1, 3.6, 5.8, 5.1, 6.1, 13.5, 9.4, 4.4, 2.1, 3.0 and 7.9% respectively, as measured by A280.
The total recovery was 93.7% as measured by the absorbance. Seven fractions (VII-XIII) showed lethal activity when injected into the hind-leg muscles of mice as solutions in 0.85% (w/v) NaCl (Tamiya & Arai, 1966) . Strong neurotoxic activity, with symptoms of dyspnoea and paralysis of the hind legs similar to that of erabutoxins (Tamiya & Arai, 1966) The dried venom (1.0g) was dissolved in 0.01 M-phosphate buffer (30 ml), pH 6.4, and loaded on to a column (2.6cm x 40 cm) of CM52 cellulose equilibrated with the same buffer. The elution was performed with a linear 0-0.5 M-NaCl gradient in the buffer (2 litres in all) (arrow 1), then with 0.5 M-NaCl in the buffer (arrow 2). The flow rate was 80ml/h. The protein fractions (I-XIII) underlined were collected separately. 0, A280; ----I [NaCli.
protein peak (1170-1380ml) was desalted in a Diaflo apparatus in 0.1 M-acetic acid and freezedried (yield 112mg). The freeze-dried preparation was dissolved in 0.01 M-phosphate buffer (10 ml), pH 5.9, and again chromatographed on a CM52-cellulose column (2.6 cm x 40 cm) equilibrated with the same buffer. The elution was performed with a linear 0-0.5 M-NaCl gradient in a total volume of 2.0 litre of the buffer. The main component, IX, was desalted in 0.1 M-acetic acid and freeze-dried (yield 48.5 mg). The purified component in fraction IX gave a single band on disc electrophoresis at pH 4.0. The component was named toxin Acanthophis antarcticus b (Aa b).
Lethal activity
The LD50 value of toxin Aa b was determined as described previously (Tamiya & Arai, 1966) by injection into the hind-leg muscles of mice weighing 18-22g and found to be 0.13,ug/g body weight. Two peptides, T-IIIa and T-IIId, were separated from each other on a column (1.5 cmx 52cm) of Sephadex G-25 (Fine grade) in 0.05M-NH4HCO3, pH 8.2, at a flow rate of 18 ml/h. Peptides, T-IIIa and T-IIId were eluted at 75 ml and 85 ml respectively. Peptides T-IIIc and T-IIIe were separated from each other by paper electrophoresis in 0.1 M-pyridine/acetic acid buffer, pH 4.8, at 40 V/cm for 90min with no. 50 filter paper (Toyo Roshi Co., Tokyo, Japan). After electrophoresis, the paper was dried, and the spots carrying the peptides were cut out with the aid of guide strips and extracted with 0.1 M-pyridine.
All the peptides isolated were pure on the basis of paper electrophoresis at pH 4.8. The amino acid compositions, the yields and N-terminal amino acids as determined by Edman degradation of purified tryptic peptides are given in Table 1 CmCys-Asn-Pro-Phe-Pro-Val-Arg-Pro-Arg-Argleaving only two proline residues, which were reasonably assigned to the C-terminal sequence of reduced and S-carboxymethylated toxin Aa b from its resistance to carboxypeptidase Y digestion and non-lysine or -arginine terminus. The detection of a peptide T-IIIe also supports the finding. These sequences established the alignment of peptides T-IIb and T-IIIe at the C-terminus.
A lignment offragment peptides
The alignment of tryptic peptides was deduced as shown in Fig. 2 from the analysis of fragments of reduced and S-carboxymethylated toxin Aa b produced by digestion with staphylococcal proteinase. The fragments produced by staphylococcalproteinase digestion were applied to a column (1.2cm x 21cm) of DE52-cellulose in 0.01 M-NH4HC03, pH 8.2. By increasing the buffer concentration, peptides S-I, S-II, S-III and S-IV were eluted with the starting, 0.15M, 0.20M and 0.25M buffers respectively.
Chymotryptic digestion of peptide S-IV gave peptides S-IVCd (CmCys-30-Glu-38), a mixture of two peptides, S-IVCa and S-IVCc, and S-IVCb (Thr-22-Trp-25), which were eluted from a Sephadex G-25 column (1.6cmx 118cm) with 0.02M-ammonium acetate, pH8.2, at 130ml, 172ml and 209 ml respectively. Peptides S-IVCa (Asn-1 8-Phe-21) and S-IVCc (CmCys-26-Phe-29) were eluted separately on a DE52-cellulose column (1.2cm x 15cm) with 0.10M-and 0.20M-NH4HCO3 buffers, pH 8.2, respectively.
The resulting peptides gave single spots on paper electrophoresis at pH 4.8. The C-terminal sequence of peptide S-IV was determined to be:
-Lys-Val-Val-Glu by digestion with carboxypeptidase Y. These results establish the alignment of T-IIIb, T-IIIc and T-Ia.
Peptide S-I, which was rich in arginine (three residues) and proline (five residues), was subjected to Edman degradation (Fig. 2) . Tryptic peptides T-IIId and T-IIb can be aligned from the results of ten cycles of the degradation. The amino acid analysis Vol. 193 III-4 (Halpert et al., 1979) ; (3) Astrotia stokesii c (Maeda & Tamiya, 1978) ; (4) Naja melanoleuca b (Botes, 1972). of peptide S-I and of the remaining fragment of peptide S-I after ten cycles of the degradation also confirmed the C-terminal alignment.
Discussion
A neurotoxin, Aa b, was isolated and sequenced from the venom of the Australian snake Acanth- The picture is drawn schematically by following the three-dimensional structure of Naja naja siamensis 3 (Walkinshaw et al., 1980) . The one-letter notation for amino acids is explained in Fig. 2 . Heavy-lined circles show the invariant residues in the long-chain neurotoxins with known sequences, and double-lined circles indicate the amino acid residues discussed in the present paper.
ophis antarcticus. The complete amino acid sequence of toxin Aa b is shown in Fig. 2 . Toxin Aa b belongs to the long-chain type, consisting of 73 amino acid residues with ten half-cystine residues among them.
In Fig. 3 , the primary structure of toxin Aa b is compared with those of three other long-chain neurotoxins, namely toxin Notechis III-4 (Halpert et al., 1979) , toxin Astrotia stokesii c (Maeda & Tamiya, 1978) and toxin Naja melanoleuca b (Botes, 1972) from the Australian elapid Notechis scutatus scutatus, sea-snake Astrotia stokesii and African elapid Naja melanoleuca respectively.
The amino acid sequence of toxin Aa b is homologous with other long-chain neurotoxins. The homology is the highest with the sequence of Australian-elapid toxin, Notechis III-4, accounting for 76% of the residues.
The three-dimensional structure of toxin Naja naja siamensis 3 (from Thailand cobra), one of the long-chain neurotoxins, has been elucidated by Walkinshaw et al. (1980) . The structure of toxin Aa b is drawn schematically in Fig. 4 (Strydom, 1972) , VN2 (Strydom & Haylett, 1977) and Ophiophagus hannah a (from king cobra) (Joubert, 1973) . The valine residue at the N-terminus is novel for all the homologous venom components, including neurotoxins, cardiotoxins, cytotoxins, proteinase inhibitors and others.
The three so far absolutely invariant residues for the neurotoxins, namely Trp-25, Arg-33 and Gly-34 are conserved in toxin Aa b. An aromatic residue at position-29 (Phe), which corresponds to Phe-32 of erabutoxin b according to the stereochemical structures of N. n. siamensis 3 (Walkinshaw et al., 1980) and erabutoxin b (Low et al., 1976) , and a hydrophobic residue (Ile, Leu or Val) at position-54 (Val) are also conserved. Two residues, Asp-27 and Lys(or Arg)-49, which are found in all the fully active neurotoxins, are also present. Toxin Aa b has, however, an arginine residue at position-23, which is usually occupied by a lysine residue in neurotoxins. The replacement preserves the positive charge and can be introduced by a single base replacement in the codon. This has not, however, been observed previously.
The replacement of the usual Tyr-21 residue by phenylalanine is the third example among neurotoxins that follow the pattern for the sea-snake toxins Astrotia stokesii b and c (Maeda & Tamiya, 1978) .
The X-ray structures (Low et al., 1976; Tsernoglou & Petsko, 1976 and an n.m.r. study (Inagaki et al., 1978) suggested that the usual Tyr-21 residue was hydrogen-bonded with glutamic acid-38. In A. stokesii b and c, the replacement of residue-21 by phenylalanine is accompanied by the replacement of the glutamic acid residue by isoleucine and valine respectively (Maeda & Tamiya, 1978) . For toxin Aa b, however, in spite of the replacement at position-21 by phenylalanine, a glutamic acid residue at position-38 is conserved. It is noteworthy that toxin Aa b has full activity as a neurotoxin, irrespective of these replacements.
Toxin Aa b has a long C-terminal 'tail'. Eleven residues after the last half-cystine-62 was found previously only with Notechis III-4. In toxin Aa b, the third histidine residue from the C-terminus is replaced by an arginine residue; otherwise the sequence of the 'tail' is the same as that of Notechis 111-4. These eleven-membered 'tails' have five proline residues, whereas shorter 'tails' of other long-chain neurotoxins have three or less. Maeda & Tamiya (1978) proposed that the C-terminal carboxy groups of long-chain neurotoxins were salt-linked to the amino groups of lysine-35, which were nearly invariant among the long-chain neurotoxins. The high proline content of the long 'tail' may twist the 'tail' to give approximately the same total length. The salt-linkage was not observed in the X-ray structure of N. n. siamensis 3 (Walkinshaw et al., 1980) , probably because the crystal was grown at pH 2.83.
